[1] We analyze Mars' global magnetic field observations to gain insight into the evolution of Mars and its paleodynamo. Statistical properties of the magnetic field above Noachian and Hesperian age crust are similar, suggesting that the dynamo persisted past the Noachian. We model crustal magnetization in order to match the large-scale features of the magnetic field. The model is based on a spherical shell of uniform thickness that was magnetized uniformly by an internal dipole. Crustal magnetization is removed from the northern lowlands, the Tharsis volcanic province, and the Hellas, Argyre, and Isidis impact basins. The magnetic field due to the remaining crustal magnetization is computed and compared with published models of the magnetic field data. The comparison is based on the spherical harmonic coefficients of the radial magnetic field component for the crustal magnetization models and the models of the observations. The correlation coefficients between the magnetization models and the models of the observations are calculated as a function of spherical harmonic degree. The correlations maximize for paleopole positions that are located near the equator in the southeast and northwest quadrants of Mars. The root-mean-square differences of the spherical harmonic coefficients are also calculated, and paleopole positions that minimize these differences generally agree with the paleopoles that maximize the correlations. The low-latitude to midlatitude paleopoles suggest that true polar wander occurred early in Mars' history, and the polarity of the paleopole positions suggests that at least one reversal of the dynamo magnetic field occurred.
Introduction
[2] Crustal magnetic fields measured by the Mars Global Surveyor (MGS) spacecraft are approximately an order of magnitude greater than the largest terrestrial crustal magnetic anomalies at equivalent altitudes Connerney et al., 1999; Voorhies et al., 2002] . The crust was almost certainly magnetized by a dynamo operating early in Mars' history, although many of the dynamo's properties, such as intensity, timing and orientation, remain undetermined. As the crust cooled through the Curie temperature it would have become magnetized in the direction of the dynamo magnetic field. As Mars evolved, processes such as hydrothermal and chemical alteration, magmatism, impact cratering and crustal thinning, altered the crustal magnetization structure and the resultant magnetic field. These processes could have created secondary magnetization, or could have completely erased the original magnetization, depending on whether the dynamo was still operating at the time these processes occurred. The original magnetic signature can be expected to have been preserved only on global scales. We examine the statistical properties of the global distribution of magnetic field observations as a function of crustal age to place a constraint on the timing of the dynamo. Geologic age data are binned with magnetic field data globally, and the statistics are computed for each crustal age. To better understand the orientation of the paleomagnetic pole, we create a model that magnetizes the oldest parts of the crust that have not been obviously affected by major impacts or geologic activity. In doing this we recognize that no part of the crust is entirely pristine.
[3] The overall pattern of Martian crustal magnetization consists of strong magnetization south of the dichotomy boundary and a sparsity of magnetic anomalies to the north of it (Figure 1 , bottom). The most highly magnetic regions on Mars are located in Terra Cimmeria and Terra Sirenum in the southern highlands. There is an observed absence of magnetic anomalies over the major impact basins, perhaps due to impact demagnetization [Mohit and Arkani-Hamed, 2004; Hood et al., 2003 ]. This has led many investigators to the conclusion that the Martian dynamo had an early onset and ceased before the formation of the major impact basins Frey, 2003; Arkani-Hamed, 2004a] . The only constraint on the timing of the dynamo comes from the Allan Hills meteorite ALH84001. This meteorite is the oldest known Martian rock, dated between 3.9 and 4.1 Ga [Weiss et al., 2002] . Bibring et al. [2006] presented a global mineralogical map of Mars and they concluded that a rapid drop in atmospheric pressure near the end of the Noachian could have been triggered by a rapid decrease in dynamo field strength. It has also been suggested that the major impacts could have altered the internal temperature and convective character of Mars and may have led to the early demise of the dynamo [Frey et al., 2007; Lillis et al., 2008] . Lillis et al. [2005] used the electron reflectometry data from MGS and found a magnetic signature associated with Hadriaca Patera, a volcanic edifice that postdates the Hellas impact basin. They concluded that a second dynamo may have been responsible for the magnetic anomaly associated with Hadriaca Patera. An alternative is that dynamo onset postdates the youngest impact basins and dynamo activity persisted for an uncertain length of time [Schubert et al., 2000] . Langlais and Purucker [2007] found evidence that the dynamo may have persisted past the Noachian by analyzing the magnetic data in the region surrounding Apollinaris Patera. Hood et al. [2010] performed a more detailed analysis of the gravity and magnetic field anomalies at Apollinaris Patera and concluded that it was magnetized after the major impact basins formed.
[4] Jakosky and Phillips [2001] noted a correlation of valley networks and magnetic anomalies. They suggested that the unmagnetized regions in the southern highlands are far from large impact craters and may never have become magnetized because valley networks may never have formed, or the magnetic material may have been eroded due to atmospheric conditions. Harrison and Grimm [2002] proposed that valley networks formed as a result of hydrothermal discharge accompanying the formation of major crustal intrusions that acquired thermoremanent magnetization, thus explaining the intensity of the magnetization in the southern highlands. The northern lowlands are in sharp contrast to the highly magnetic southern highlands. While there are some magnetic anomalies, they are much weaker and tend to be isolated. Scott and Fuller [2004] suggested that high water-rock ratios explain the absence of magnetic anomalies in the northern lowlands. Solomon et al. [2005] proposed that hydrothermal circulation occurring along deep faults, as in the oceanic crust on Earth, will reduce magnetization and provide an explanation for the absence of magnetic anomalies detectable at spacecraft altitudes in the lowlands.
[5] The depth and thickness of the magnetic source layer on Mars are not well constrained. Voorhies et al. [2002] analyzed the global spatial magnetic power spectrum for Earth and Mars, and fit the observed magnetic spectra to theoretical forms expected from core (spherical harmonic degree 1-12) and crustal sources (spherical harmonic degree 16-65). For Earth, they found core and crustal fields. For Mars, only a crustal field was detected. They found the magnetized layer to be approximately 46 km below the mean planetary surface. Voorhies [2008] estimated the thickness of the magnetic layer to be approximately 48 km.
[6] Many investigators have made detailed models of Mars' global magnetic field using a variety of methods to obtain smooth maps at constant altitude [Purucker et al., 2000; Arkani-Hamed, 2001a , 2002a , 2004b Cain et al., 2003; Langlais et al., 2004; Whaler and Purucker, 2005] . These models vary by method (spherical harmonics, equivalent source dipoles, continuous magnetization), magnetic field data set (low versus high altitude, daytime versus nighttime), magnetic parameter modeled (magnetic field or magnetization) and have different resolutions (102-430 km). They are briefly summarized here. Purucker et al. [2000] modeled the radial component of the magnetic field with the equivalent source dipole technique using magnetic field Figure 1 . Global plots of (top) geology [Scott and Tanaka, 1986] , (middle) Mars Orbiter Laser Altimeter topography, and (bottom) radial magnetic field [Langlais et al., 2004] . For the geologic plot, brown colors indicate the Noachian (oldest) epoch; purple, blue, and green colors indicate the Hesperian (middle) epoch; and red, orange, yellow, and white colors indicate the Amazonian (youngest) epoch. Black lines indicate the dichotomy boundary and the Hellas and Argyre impact basins. The parts of the crust north of the boundary and inside the basins are excluded from the magnetization models.
observations from the Aerobraking (AB) and Science Phase Orbit (SPO) periods at altitudes that range from 80 to 200 km. Arkani-Hamed [2001a , 2002b , 2004b calculated spherical harmonic models of the vector magnetic field data using low-altitude data to degree and order 50 [ArkaniHamed, 2001a] , low-and high-altitude data to degree and order 50 [Arkani-Hamed, 2002b] , and high-altitude nighttime data to degree and order 62 [Arkani-Hamed, 2004b] with resolution up to 430 km. Cain et al. [2003] used spherical harmonic analysis to calculate a magnetic field model to degree and order 90. They used AB, SPO, and dayside Mapping Orbit (MO) vector magnetic field data for a resolution of 235 km. Langlais et al. [2004] used the equivalent source modeling technique and the same data set as Cain et al. [2003] . Whaler and Purucker [2005] calculated a spatially continuous model of the magnetization using the same data set as Cain et al. [2003] . Whaler and Purucker [2005, Figure 5 ] compared most of these models by calculating the correlation and power spectra and showed there is excellent agreement until degree 50.
[7] Investigators have modeled the small-scale features of the magnetic field data. Hood and Zakharian [2001] mapped and modeled two isolated anomalies in the north polar region and found a pole position centered on 225°E, 50°N. Hood et al. [2005] Quesnel et al. [2007] modeled three anomalies near Newton Crater in the southern highlands and found paleopoles that are located at 310°E, 26°N, 299°E, 46°N, and 221°E, 44°N, consistent with previous authors. Sprenke [2005] used a geostatistical approach to determine a pole position within 50°of 230°E, 46°N. Frawley and Taylor [2004] computed the direction of magnetization for nine isolated, positive and negative anomaly pairs. They obtained pole locations that generally agree with the papers discussed above, with the exception of three of the anomalies that cluster at the south pole and suggested that polar wander and reversals occurred. Langlais and Purucker [2007] modeled the magnetic signature associated with Apollinaris Patera and obtained a pole position closely aligned with the current rotational axis at 99°E, 88°S. These papers used a variety of different modeling techniques to determine paleopole positions from a variety of data sets (magnetic field, gravity, geology, etc.); the pole positions are summarized in Figure 2 . It shows that the literature generally supports a low-latitude to midlatitude pole in the northwestern hemisphere, and a cluster of poles at high latitudes [Frawley and Taylor, 2004; Langlais and Purucker, 2007; Hood et al., 2010] . Hood et al. [2005 Hood et al. [ , 2007 are crosses, the nine poles from Arkani-Hamed and Boutin [2004] are circles, the nine poles from Frawley and Taylor [2004] are inverted triangles, the pole from Sprenke [2005] is a square, the pole from Langlais and Purucker [2007] is a star, triangles are the poles determined by Quesnel et al. [2007] , and diamonds are the poles calculated by Mutch et al. [1976] and Hood et al. [2005] using paleoequator symmetry arguments.
[8] In this paper we constrain the properties of the dynamo using two different approaches. In the first approach we compute statistical properties of the magnetic field observations over regions of Noachian, Hesperian and Amazonian geologic age in order to address questions about the timing of the Martian dynamo. The statistics are evaluated for a range of values (the cutoff value) in the magnitude of the magnetic field to test the dependence of the results on weak fields. In the second approach we model the largescale magnetization of Mars' crust and compare the resultant magnetic field with six published models of the data [Purucker et al., 2000; Arkani-Hamed, 2002a; Cain et al., 2003; Arkani-Hamed, 2004b; Langlais et al., 2004; Whaler and Purucker, 2005] . Equations from Runcorn [1975] are used to calculate the components of the magnetization of a spherical shell of uniform thickness magnetized by an internal dipole for an array of paleopole positions that span the globe. It is assumed that the bulk of the crust was magnetized when one orientation of the paleopole was dominant. Those parts of the crust that have clearly been affected by major impacts and thermal alteration, the northern lowlands, the Tharsis complex, and the major impact basins, are removed from the model (see Figure 1 ). The remaining crust contains the geologically oldest units on the planet. The magnetic field components of the crustal magnetization distributions are computed using the forward magnetic field code of Langlais et al. [2004] for each pole orientation and compared with published models of the magnetic field observations. Spherical harmonic coefficients of the radial magnetic field component of the crustal magnetization models presented here are computed to degree and order 50. Spherical harmonic coefficients of the published models of the radial magnetic field are computed to the same degree and order for comparison. Correlation coefficients of the spherical harmonic coefficients of our models and the published models of the observations are calculated and paleopoles that maximize the correlation coefficient are determined. The root-mean-square (RMS) differences of the spherical harmonic coefficients of the models presented here and published models are calculated, and the paleopole positions that minimize these differences are determined. In section 2 the methodology for each approach is described in detail and the results are presented in section 3. The implications of the results are discussed in section 4 and summarized in section 5.
Methods

Statistical Analysis of the Global Magnetic Field Observations
[9] The global distribution of radial magnetic field magnitude as a function of geological age is investigated, similar to the study of Johnson and Phillips [2005] for the Tharsis volcanic province. The magnitude of the radial component of the magnetic field is used, since it is least affected by fields external to the crust. Global geological maps [Scott and Tanaka, 1986] have higher spatial resolution (0.125°) than published models of the magnetic field data [Purucker et al., 2000; Arkani-Hamed, 2002a , 2004b Cain et al., 2003; Langlais et al., 2004; Whaler and Purucker, 2005] . The geologic data are therefore grouped into bins of the same size as the magnetic field data and a modal age is assigned to each bin. The size of a bin depends on the resolution of the model of the magnetic field observations. Bin sizes range from 1°to 3°. The number of magnetic observations, mean value, standard deviation, and maximum values of the magnetic field are computed for each bin. This is repeated for several cutoff values of the radial magnetic field (0, 10 or 25 nT at 200 km altitude) in order to see how the values are affected when fields below a certain value (the cutoff value) are excluded. Results of this analysis are presented and discussed in section 3.1.
Crustal Magnetization Modeling
[10] Runcorn [1975] proved that the magnetic field external to a magnetized spherical shell of uniform thickness is zero if the shell was magnetized uniformly by an internal dipole that disappeared subsequently. He applied this to the Moon and showed that crustal heterogeneities and deviations from a sphere could produce an external field with low-degree harmonics and that magnetized basins could produce higher-order terms. Aharonson et al. [2004] showed that the magnetic field of a shell that was magnetized by an internal dipole could explain the magnitude and geometry of the Mariner 10 observations of Mercury's magnetic field by varying the crustal thickness. In our study, Mars' crust is modeled as a spherical shell of uniform thickness that was magnetized by an internal dipolar magnetic field that has since been removed, similar to what may have occurred on Mars. A present-day external magnetic field is generated by assuming that the bulk of the crust was magnetized when one orientation of the paleopole dominated and by removing parts of the crust affected by major impacts and the thermal consequences of emplacement of the Tharsis region. The crust north of the dichotomy boundary is also removed. The objective is to see if the oldest, least modified parts of the crust retain a signature of the early crustal magnetization by an internal dipole.
[11] Runcorn [1975] gave the equations for magnetic flux density and magnetic field strength (B and H, respectively) for a spherical shell magnetized by an internal dipole pointed along the north polar axis of a spherical coordinate system. These can be used with the relation B = H + 4pM to solve for magnetization (M) within the shell:
where and are the colatitude and longitude of the crustal element, a is the radius to the top of the shell, b is the radius to the base of the shell, g 1 is the first spherical harmonic coefficient related to the strength of the dipole, and c measures the ratio of the remanent magnetization to the strength of the magnetizing field after the latter has vanished. The parameters c, g 1 and the radii of the shell determine the magnitude of magnetization in the combination cg 1 (a/b) 3 and are arbitrarily selected so that the power in the lowdegree (large-scale) terms of the resultant model magnetic field matches that of the published models of the Martian magnetic field. The thickness and intensity trade off such that their effects cannot be determined independently with the available data. These are not crucial parameters, since we have only access to the vertically integrated magnetization. Figure 3 shows power spectra of the radial magnetic field component of the published models and a crustal magnetization model generated by an internal dipole pointing in the direction of 210°E, 60°N. Our simple crustal magnetization model, intended to compare with the large-scale signature of the Martian dynamo magnetic field, clearly does not contain the small-scale power of the observed field.
[12] Figure 4 shows the components of the magnetization and the resulting magnetic field for an internal dipole aligned with the coordinate axis. Parts of the crust are removed, as discussed above. Figure 4 shows that small-scale features of the magnetic field (high-degree terms) are not produced by the model, which is expected given the simple set of assumptions the magnetization models are based upon. When the magnetizing dipole is not oriented along the direction of Mars' present north pole, equations (1a)-(1c) can still be used to determine the crustal magnetization in a coordinate system whose north pole is along the direction of the dipole. However, a coordinate transformation to a system whose north pole is the present north pole of Mars must then be carried out. The necessary coordinate transformations are given by
where the primed magnetization components are in the dipole oriented coordinate system, and T, P and T' are given by 
where ′ and are the colatitude and longitude of the crustal element in the dipole oriented coordinate system, and p and p are the colatitude and longitude of the dipole in a coordinate system oriented along the present north pole of Mars. More details on the rotation are provided in Appendix A. Magnetization is calculated for an array of pole positions that span the globe. They are located at latitudes ±75°, ±60°, ±45°, ±30°, ±15°, and 0°. At each latitude there are 12 pole positions equally spaced by 30°in longitude, and there is one at each pole for a total of 134 paleopole positions. After the modified parts of the crust have been removed, the components of magnetic field are computed for each orientation of the magnetizing dipole using the magnetic field code of Langlais et al. [2004] . The formalism and equations used in the magnetic field code are given by Langlais et al. [2004, Appendix A] . The inputs to the code are the mean spacing, number of magnetization elements, depth and thickness of the layer, and the spherical components of the . magnetization with the corresponding latitude and longitude of the magnetization element. The outputs are the spherical components of the magnetic field (B r , B , B ) and are calculated on a regular grid at a constant altitude of 200 km. For their preferred model, Langlais et al. [2004] use an icosahedral distribution of 4840 magnetization elements that have a mean spacing of 2.92°or 173 km. In this analysis the polar subdivision method is used to distribute the magnetization (see Katanforoush and Shahshahani [2001] for more details on this method). The polar distribution is preferred for the analysis because the icosahedral distribution generates spurious fields at ±30°latitude. The mean spacing of the magnetization elements affects the magnitude of the spurious fields that are generated. As the mean spacing is decreased, the magnitude of the generated fields are decreased. As a test, Runcorns's [1975] equations are used without removing magnetization, which should result in a zero field for a spherical shell of uniform thickness. Mean spacings of 3°, 1°, 0.5°and 0.25°generate fields of ∼ 6, 1.5, 0.7, and 0.3 nT, respectively. A mean spacing of 1°or 59 km is selected because the spurious fields are below the reported accuracy of 3 nT for the magnetometer onboard MGS , and the resolution takes significantly less computation time than the smaller grids.
[13] Direct comparison of the magnetic field of the magnetization models and the observations at low degree is necessary to test the hypothesis that the bulk of the crust was magnetized by an internal dipolar magnetic field early in Mars' history. The radial component of the magnetic field of the magnetization models and the six available published models of the observations [Purucker et al., 2000; ArkaniHamed, 2002a; Cain et al., 2003; Arkani-Hamed, 2004b; Langlais et al., 2004; Whaler and Purucker, 2005] are expanded in spherical harmonics for comparison at low degree. Simons et al. [2006] have developed software used for the spectral analysis of geological processes on the sphere; it is available for free and is used to do the spherical harmonic expansion. The inputs are the function that is to be expanded and the maximum degree of the expansion, and the outputs are the spherical harmonic coefficients. The coefficients are determined for the radial magnetic field component only, since the horizontal components are more likely to contain signal from sources external to the crustal magnetization, such as fields generated by ionospheric currents. The coefficients are calculated out to degree and order 50 for each of the 134 models described here and the 6 published models of the data. The coefficients contain information on the strength and direction of the magnetic field at length scales corresponding to each degree. The length scale, d, is given by the relation d = 2p r/n, where r is the planetary radius and n is the spherical harmonic degree.
[14] The fit of the magnetic field of the magnetization models to the published models of the data is assessed via two parameters: (1) the correlation coefficient and (2) the RMS difference. The correlation coefficient r between the spherical harmonic coefficients of the magnetization models and the published models for degrees 1-50 is calculated. It is given by
where a and b are the spherical harmonic coefficients of the published models and the magnetization models, respectively, and the sum is over degree and order 1-50. The significance of a correlation value is assessed by the q parameter described by Cohen [1988] , which compares two values of the correlation and defines a way to discriminate between them. It is given by
where r 1 and r 2 are two values of the correlation that are being compared. A value of q less than 0.1 means that the two correlation values are statistically similar. In equation (7), r 1 is set to the absolute value of the maximum correlation coefficient and r 2 is the absolute value of the correlation coefficient that gives q < 0.1. Medium and large differences in correlation have values of 0.1 < q < 5 and q > 0.5, respectively. The RMS difference is calculated to determine a best fit paleopole position and is given by
where a, b, n and the sum are the same as in equation (6). Paleopoles that minimize this difference are determined for 10%, 20% and 30% of the maximum RMS value. Results of this analysis are presented and discussed in section 3.2.
Results
Statistical Analysis of the Global Magnetic Field Observations
[15] We compute the statistical properties of the global radial magnetic field for each of the 6 published models of the observations [Purucker et al., 2000; Arkani-Hamed, 2002a , 2004b Cain et al., 2003; Langlais et al., 2004; Whaler and Purucker, 2005] , and Table 1 summarizes these results. Table 1 gives the size of the bin, the cutoff value of the radial magnetic field, the number of magnetic observations per bin, the mean value, the standard deviation, and the maximum value for each of the published models of the magnetic field data. The values in Table 1 are for an altitude of 200 km and are listed according to the geologic age, Noachian, Hesperian or Amazonian, of the crust at the location (latitude, longitude) of the magnetic field observation. Table 1 shows that the number of magnetic observations is largest over Noachian crust and decreases over younger crust to a minimum over Amazonian crust. These statistics are evaluated for a few different cutoff values of the magnetic field, i.e., to see how they change if fields below a certain value (the cutoff value) are excluded from the calculation. As the cutoff value of the magnetic field is increased the number of observations over Hesperian and Amazonian crusts are essentially the same and approximately a third of the value for the Noachian crust, showing that the Hesperian and Amazonian crusts are associated with weaker magnetic fields. The mean values of the magnetic field are highest over Noachian crust and decrease over the Hesperian and Amazonian crusts. The mean value of the magnetic field is essentially the same over the Hesperian and Amazonian crusts if weak fields aren't excluded. As the value of the cutoff is increased, the differences between the magnetic fields over Noachian and Hesperian crusts become small, showing that there are strongly magnetized Hesperian units. The standard deviation is high, showing that there is a lot of variability in the magnetic field over geologic units.
The maximum values are essentially the same for Noachian and Hesperian crusts and they are smaller by about a factor of 2 for the Amazonian crust. This is evidence that the dynamo was strongest in the Noachian and Hesperian and decreased into the Amazonian. One possible qualification is that the source of the magnetic field observation does not necessarily coincide with the location of the underlying surface geologic unit. Since this is not true of the magnetization, the statistics of the available magnetization models [Langlais et al., 2004; Whaler and Purucker, 2005] as a function of geologic age are computed. However, these results do not differ significantly from the radial magnetic field component and are not included here.
Crustal Magnetization Modeling
[16] The paleopole positions that maximize the correlation coefficients and minimize the RMS differences are in agreement with each other and with published paleopole locations summarized in section 1. The correlation coefficient is calculated between each of the 134 magnetization models and each of the six published models of the magnetic field data for degrees 1-50, but it is only significant (larger than 0.1) for degrees 1-3. Figures 5 and 6 show the magnetizing pole positions that maximize the correlation coefficient for degrees 2 and 3, respectively, for four of the six published models of the magnetic field data. Plus signs indicate positive correlation and a north magnetic pole position (defined by field lines pointing radially inward), and minus signs indicate negative correlation and a pole position that is antipodal to the north magnetic pole. The range of the correlation coefficients for small differences in correlation (q < 0.1) are listed directly above each plot. The correlation coefficients are not large, but are reasonable given the simple set of assumptions that are made in the magnetization model. The positive/negative correlation poles for degree 2 are located just to the northwest/southeast of the degree 3 correlation poles. The pole positions agree with previously published paleopole locations. The correlation poles for the Arkani-Hamed [2004b] and Whaler and Purucker [2005] models of the data are not shown because the power in their models at degrees 2 and 3 is close to the accuracy (see Figure 3) . The degree 1 correlation poles are not shown here because the power in the spherical harmonic coefficients of the magnetization models for degree 1 is close to zero and below the accuracy (see Figure 3) . Nevertheless, the degree 1 poles have correlations that range from 0.58 to 0.81 and are in agreement with the degree 2 and 3 paleopoles. Figure 7 shows the radial component of the magnetic field for the magnetization model corresponding to a pole location of 120°E, 30°S and for the observed magnetic field model of Cain et al. [2003] for degrees 2 and 3. From this plot it is clear the fields are correlated, although imperfectly.
[17] Figure 8 shows the paleopole positions that minimize the RMS difference between the spherical harmonic coefficients of the magnetization models and the models of Cain et al. [2003] and Langlais et al. [2004] . The top, middle and bottom plots show pole positions for cutoffs of 10%, 20%, and 30% of the maximum value of the RMS difference, respectively. The pole positions that minimize the RMS differences constrain the location well for degrees 3-7. Above degree 7 the power in the coefficients of the magnetization models is much lower than the power in the published models. For degrees larger than 7, the maximum value of the RMS difference becomes large, and the difference between the minimum and maximum values becomes negligible. The degree 1 RMS difference poles are not shown because there is no power in the spherical harmonic coefficients of the magnetization models. Figure 8 shows that there are two populations of poles, which are antipodal to each other. The pole clusters are not perfectly antipodal because the removal of crustal magnetization causes small asymmetries in the magnetic field of opposite orientations. The direction of the north magnetic pole cannot be determined from the RMS difference due to the absolute value in equation (8), however, the poles that maximize the correlation indicate the southeastern cluster is the north magnetic pole. This correlation is apparent in Figure 7 , and it shows that most of the strongest magnetization was acquired when the paleopole was oriented in the southeast hemisphere. The paleopole location is not as well constrained by the RMS difference for the Arkani-Hamed [2002a] and Purucker et al.
[2000] models, but generally they agree with previous pole locations and are not shown here. The pole location is well constrained for the Arkani-Hamed [2004b] model and agrees with previous poles but is not shown because the power is not above the reported accuracy for degrees 2 and 3. The RMS differences for the Whaler and Purucker [2005] model only give one pole/antipode at (210°E, 60°N)/ (30°E, 60°S) for l=7 at 30% the maximum value of the RMS difference. The RMS difference poles are located at somewhat higher latitudes than the correlation poles, and the southern cluster is shifted a bit to the west and the northern cluster a bit to the east, but are in the same general location.
[18] Figure 3 shows that the power spectra for the magnetization model matches well at low degrees, but there is essentially no power for higher-degree terms, which is expected given the simplicity of the magnetization models. To match features at smaller scales, more complicated models with complex assumptions could be made, including the following: (1) modeling the topography of crater rims as paraboloids, (2) varying the crustal thickness according to published values [Zuber et al., 2000] , (3) removing crustal magnetization from smaller craters, (4) magnetizing only Noachian-aged crust, etc. All of these options are likely to produce correlation coefficients that are closer to 1. The intent of this paper is to match the large-scale features, not the small-scale features; the latter are more appropriate for localized analyses that model individual anomalies.
Discussion
Statistical Analysis
[19] Table 1 shows that all of the published models in the statistical analysis of the magnetic field data show similar results, regardless of the inversion method used to calculate the model and are independent of grid size or cutoff value. The main conclusions are that magnetic fields above Hesperian age crust have similar statistics to the fields above Noachian age crust when weak fields are excluded from the analysis, and are similar to the statistics of fields over Amazonian crust when weak fields are included. The only exception is the number of magnetic field observations, which has similar counts for the Noachian and Hesperian Figure 5 . The paleopole positions that maximize the correlation coefficient for small differences in correlation (q < 0.1) for degree 2. The range of correlation coefficients that correspond to q < 0.1 is listed directly above each plot, and the published model that is being compared is listed directly below. The plus signs indicate the pole positions that have positive correlations (north magnetic pole locations), and the minus signs are for negative correlations (southmagnetic pole locations).
crusts unless weak fields are excluded, in which case the Hesperian units have similar counts to the Amazonian crust. The value of the standard deviation is high, showing that there is a lot of variability in the magnetic field observations for crusts of all ages, although it is higher for Noachian and Hesperian age crust for all cutoffs. Processes such as hydrothermal and chemical alteration, magmatism, erosion, cratering, crustal thinning and thermal modification have undoubtedly changed the magnetization structure of the crust since it's formation. The crustal magnetization structure most certainly has heterogeneities that could also cause such high standard deviations, such as crustal thickness variations or mineralogical heterogeneities. Both of these could cause variations in the magnitude of the magnetic field and affect the standard deviation.
[20] There are a number of conclusions that can be drawn from these results. Any successful model must explain the following observations: (1) the similarity of the statistics for crusts of Hesperian/Noachian age when weak fields are excluded, (2) the similarity of the statistics for crusts of Hesperian/Amazonian age when weak fields are included, and (3) the one exception to observations 1 and 2, which is number of magnetic field observations. The statistics for the Noachian age crust suggest that the dynamo operated during this period, which is confirmed by ancient magnetization of ALH84001 [Weiss et al., 2002] . The high values of the mean and maximum magnetic field suggest it was strongest during this period. The fact that the Hesperian and Noachian (Amazonian) crusts have essentially the same number of counts when weak fields are included (excluded), when combined with the result that the mean values of the magnetic field above Hesperian units are similar to those above Noachian (Amazonian) units when weak fields are excluded (included), suggest that Hesperian units are magnetized at both low and high levels. In addition, the maximum values of the magnetic field above Noachian and Hesperian crusts Figure 6 . The paleopole positions that maximize the correlation coefficient for small differences in correlation (q < 0.1) for degree 3. The range of correlation coefficients that correspond to q < 0.1 is listed directly above each plot, and the published model that is being compared is listed directly below. The plus signs indicate the pole positions that have positive correlations (north magnetic pole locations), and the minus signs are for negative correlations (southmagnetic pole locations).
are essentially the same, and about twice the values for the fields above Amazonian crust. These results suggest to us that the dynamo was active early, persisted into the Hesperian, and probably weakened late in the Hesperian or early Amazonian. This conclusion is supported by the recent work of Hood et al. [2010] , who found that the magnetic signature associated with Apollinaris Patera was established during the Hesperian. However, other interpretations are possible. Hesperian and Amazonian crustal units could be underlain by Noachian crust that is the source of the magnetic fields observed over these units. Additionally, underlying magnetized Noachian crust could have provided the magnetic fields for the secondary magnetization of overlying Hesperian/Amazonian crust. Hesperian and Amazonian units could also have become magnetized from nearby highly magnetic Noachian crust. Still another possibility is that the magma chambers of the Hesperian volcanic plains demagnetized underlying Noachian crust resulting in magnetic anomalies over the Hesperian crust. Most likely, a combination of factors has affected the crustal magnetization on global scales, leading to the high value of the derived standard deviations.
Crustal Magnetization Modeling
[21] We examined the part of the crust that is the oldest and least modified by large-scale processes that have occurred since crustal formation to test if the global signature of the Martian paleodynamo can be detected. We demonstrated that a model that magnetizes mostly Noachian-age crust can reproduce the large-scale features of the magnetic field observations.
[22] One concern is that there is not much power in the spherical harmonic coefficients of the radial magnetic field at low degrees and that it is close to the reported accuracy. This is especially a concern for the paleopole estimates based on correlation coefficients since the power is lowest for degrees 2 and 3. However, the fact that the paleopoles cluster in the same area for each of the six published models and agree with the RMS difference paleopoles shows that these results are significant. The RMS difference paleopoles for each of the six different published models also cluster in the same area. These paleopoles are reliable out to degree 7, where the power is much larger than the accuracy. The overlap of the correlation and RMS difference paleopole clusters with each other and previously published paleopole estimates shows that even though there is not a lot of power at low degrees, the paleopole estimates are reliable. The lowlatitude to midlatitude paleopole estimates, when combined with the high-latitude paleopoles determined by Frawley and Taylor [2004] and Langlais and Purucker [2007] , suggest that true polar wander began early in Mars' history.
[23] We propose the following scenario for the evolution of the dynamo. Inception occurred during the Noachian and the bulk of the crust was magnetized as it cooled through the Curie temperature. The north magnetic pole was at a low to midsouthern latitude, as implied by the correlationdetermined paleopoles. The dynamo reversed at least once based on a comparison of our polarities and previously determined paleopole positions. This is also in agreement with the findings of other investigators that require opposite polarities to match their results [Arkani-Hamed, 2001b; Arkani-Hamed and Boutin, 2004; Frawley and Taylor, 2004; Boutin and Arkani-Hamed, 2006] . As the pole began to wander, the majority of the magnetic signature was sealed in the crust. Secondary processes that affect crustal magnetization created magnetic anomalies and imprinted the higher-latitude pole position in the magnetic signature. The pole wandered until it became aligned with the current rotational axis and magnetized structures such as Apollinaris Patera, and finally ceased during the late Hesperian. Hood et al. [2005] provided a summary of the geological evidence for reorientation early in Mars' history. The evidence is the existence of furrowed terrain studied by Mutch et al. [1976] and fracture patterns by Melosh [1980] . Schultz and Lutz [1988] found evidence of polar deposits near the present equator. This scenario has implications for the evolution of the Tharsis complex. If polar wander began early, it implies that magmatism associated with Tharsis began early as well. This is in agreement with the conclusions of Johnson and Phillips [2005] . They suggested that the magnetic observations at Tharsis can be explained by a basement Noachian crust that was magnetized while the internal magnetic field was active and was subsequently partially thermally demagnetized. This scenario also has implications for the Hellas and Argyre basins, wherein the lack of significant magnetization must be explained. One solution is that the impacts erased the primary magnetization and created weaker, secondary magnetization. Sources of the secondary magnetization could include: remagnetization in a weaker ambient field, chemical alteration induced by circulating fluids in the crust, and shock magnetization. It is also possible that this part of the highlands crust was never magnetized due to the lack of formation of valley networks and erosion as suggested by Jakosky and Phillips [2001] .
Conclusions
[24] This study demonstrates that the geologically oldest part of the Martian crust could have been magnetized by an internal dipolar magnetic field whose signature has been retained in the crust. Our analyses suggest that the dynamo could have started in the Noachian and persisted into the Hesperian. The position of the paleopole was at low to middle latitudes. This is evidence that a large reorientation occurred early in Mars' history. The proximal location of both north and south paleopoles suggests that there was at least one reversal of the dynamo.
Appendix A: Spherical Rotations [25] This appendix provides the equations necessary to transform the magnetization vector and the corresponding coordinates from a reference frame for a magnetic pole that is aligned with the rotational axis into reference frames that are off axis.
[26] Consider a coordinate system (x, y, z) or (r, , ) with unit vectors (x,ŷ,ẑ) and (r,,) and general vectorsÃ = (A x , A y , A z ) andÃ = (A r , A , A ). Consider another coordinate system (x′, y′, z′) or (r′, ′, ′) with vectorsÃ′ = (A x ′ , A y ′ , A z ′ ) andÃ′(A r ′ , A ′ , A ′ ) that is rotated with respect to the unprimed system. Let a 1 be the angle between Ox′ and Ox, b 1 the angle between Ox′and Oy, g 1 the angle between Ox′ and Oz, a 2 the angle between Oy′ and Ox, b 2 the angle between Oy′ and Oy, g 2 the angle between Oy′ and Oz, a 3 the angle between Oz′ and Ox, b 3 the angle between Oz′ and Oy, g 3 the angle between Oz′ and Oz, as illustrated in Figure A1 .
[27] The a, b and g ′s are given in terms of the colatitude and longitude ( p and p ) of the north magnetic pole in the unprimed frame. The angles between the Ox′ and Ox, Oy, and Oz axes satisfy cosa 1 = cos p cos p , cosb 1 = cos p sin p and cosg 1 = −sin p , respectively. The angles between the Oy′ and Ox, Oy, and Oz axes satisfy cosa 2 = −sin p , cosb 2 = cos p and cosg 2 = 0, respectively. The angles between the Oz′ and Ox, Oy, and Oz axes satisfy cosa 3 = sin p cos p , cosb 3 = sin p sin p and cosg 3 = cos p , respectively. We note that 
where T is defined in equation (3). Alternatively, we can writẽ
that is, 
where T T is the transpose of T. The above equations give the relationship of a vectorÃ written with respect to Figure A1 . Demonstration of rotated reference frame and associated angles.
Cartesian coordinates (x,y,z) and spherical coordinates (r, , ) in the same reference frame. Now consider 
This gives the relationship betweenÃ in (x,y,z) andÃ in (x′, y′,z′). Similarly, we havẽ 
Using equations (A1), (A2), and (A3) gives 
where T′ is from equation (5).
